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Quantum criticality is a central concept in condensed matter phy-
sics, but the direct observation of quantum critical fluctuations
has remained elusive. Here we present an X-ray diffraction study
of the charge density wave (CDW) in 2H-NbSe2 at high pressure
and low temperature, where we observe a broad regime of order
parameter fluctuations that are controlled by proximity to a quan-
tum critical point. X-rays can track the CDW despite the fact that
the quantum critical regime is shrouded inside a superconducting
phase; and in contrast to transport probes, allow direct measure-
ment of the critical fluctuations of the charge order. Concurrent
measurements of the crystal lattice point to a critical transition that
is continuous in nature. Our results confirm the long-standing
expectations of enhanced quantum fluctuations in low-dimen-
sional systems, and may help to constrain theories of the quantum
critical Fermi surface.
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A continuous change of phase often involves critical fluctua-tions that destabilize one phase in favor of another. These
fluctuations characterize the nature of the phase transition, but
can be difficult to measure directly. This difficulty is especially
acute in broad classes of materials with quantum phase transi-
tions (1, 2), from colossal magnetoresistance manganites (3) to
heavy fermion and cuprate superconductors (4, 5) to archetypal,
metallic ferromagnets (6, 7), where strong interactions can cut off
the critical behavior via a structural instability, or competing
ground states can shroud the quantum critical point.
Charge and spin density wave (CDW/SDW) systems have been
shown to be good candidates for experimental studies of quantum
critical behavior, where fluctuations disrupt electron pairing and
restore the metallic Fermi surface (8, 9). In these systems the in-
teraction strengths are weaker than in strongly correlated mate-
rials, reducing the likelihood of strong first-order transitions and
allowing experimental access to the quantum critical point.
Recent low-temperature studies of the SDW transition in bulk,
elemental Cr under pressure demonstrated a continuous quan-
tum phase transition in an antiferromagnetic metal (10, 11), but
the quantum fluctuation regime deduced via transport measure-
ments was very narrow. Stronger fluctuations over a broader
range are expected in systems with lower electronic dimension-
ality. Moreover, quantum criticality in two-dimensional layered
systems with predilections for density wave distortions has re-
ceived sustained interest due to the observation of density wave
pairing in the high-TC superconductors (12–14). Here we present
a low-temperature and high-pressure synchrotron X-ray diffrac-
tion study of the two-dimensional CDW system 2H-NbSe2, where
scattering from the incommensurate charge order is possible even
deep within the coexisting superconducting ground state. Our
results demonstrate a wide regime of spatial fluctuations of the
CDW order parameter that are manifestly quantum in nature.
NbSe2 is a model two-dimensional CDW system (15–21) where
negatively charged electrons and positively charged holes form
a spatially periodic arrangement below the transition tempera-
ture TCDW ¼ 33.5 K (15–21). NbSe2 also superconducts below
Tsc ¼ 7.2 K, and the electronic band structure supports both
the CDWand superconductivity with some competition for elec-
tronic states (16, 22, 23). The electron and hole states that con-
dense into the CDW comprise only 1% of the total density
of states at the Fermi surface (18, 19, 21) and both the CDW or-
der parameter amplitude and its static phase coherence length
ξs are unaffected when the superconductivity is suppressed in
a high magnetic field (16), suggesting that the superconducting
state has minimal effect on CDW pairing. However, long-wave-
length CDW amplitude modes affect the superconductivity by
modulating the total density of states at the Fermi surface (17,
22, 23). The established pressure-temperature (P-T) phase dia-
gram (17, 24) is summarized in Fig. 2A. NbSe2 remains supercon-
ducting at pressures as high as 20 GPa (24). The anticipated
pressure-driven CDW quantum phase transition below 5 GPa
is therefore buried inside the superconducting phase and is inac-
cessible to electrical transport measurements (17). In that regard,
X-ray diffraction is the technique best suited for probing the
quantum critical CDW.
Scattering experiments with X-rays or neutrons are sensitive
both to the ordered state and to its fluctuations. Elastic scattering
measures the static form factor Sðq; ω ¼ 0Þ, which includes con-
tributions from long-range order in the form of Bragg peaks, as
well as diffuse scattering from thermally (and quantum mechani-
cally) populated dynamic modes (Fig. 1A). The population of
critical fluctuations can be obtained from diffuse scattering,
which can be used to determine both the fluctuation spectrum
(e.g., mode softening) and the fluctuation correlation length ξF
approaching a critical point (Fig. 1B) (25, 26). In the case of weak
charge order at high pressure it is technically difficult to measure
the diffuse scattering intensity, mostly due to the enhanced back-
ground scattering from the pressure environment. Similarly, in-
elastic scattering, which measures the full dynamic form factor
Sðq; ωÞ and can directly probe ξF , remains technically unfeasible
in extreme sample environments. Fortunately, information about
fluctuations can still be obtained from the Bragg diffraction peaks
coming from the static order parameter. Within a mean field
approach, the static coherence length ξs of the ordered state is
infinite, resulting in an arbitrarily sharp Bragg diffraction peak
at the CDW wave vector Q at all points on the phase diagram
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within the ordered phase. This arbitrarily sharp Bragg diffraction
is seen in experiments as a longitudinally instrument resolution-
limited peak at momentum transfer q ¼ Q. In the presence of
fluctuations the ordered state is affected by collective dynamical
modes with q ≠ Q, which reduce ξs as the critical point is
approached (Fig. 1C). The suppression of the static coherence
length ξs is thus a consequence of dynamic fluctuations, and
always accompanies the divergence of the dynamical fluctuation
correlation length ξF . The critical broadening of the elastic Bragg
peak is most easily observed in incommensurate CDW or SDW
systems. At ambient pressure and approaching the thermal phase
boundaries from below, diffraction line broadening and the
corresponding reduction of ξs have been observed in systems such
as one-dimensional NbSe3 (27), two-dimensional NbSe2 (16),
and three-dimensional Cr (28). The measurements reported here
are analogous to these previous experiments, with the important
difference being that by varying a nonthermal parameter we can
approach a quantum critical point from within the ordered state.
Results
We have explored the evolution of both the CDWand the crystal
lattice at temperatures T ¼ 3.5 and 12 K over a wide pressure
range, 0 ≤ P ≤ 8.6 GPa (arrows in Fig. 2A). At ambient pres-
sure, the periodicity of the CDW is incommensurate with the
crystal lattice. The CDW wave vector Q is approximately equal
to 0.98a∕3 and, unlike other low-dimensional CDW systems
(15, 29), does not experience a lock-in transition to the com-
mensurate a∕3 state. Here a is the (1, 0, 0) reciprocal lattice
vector, and the CDW incommensurability δ is defined by
Q ¼ ð1-δÞð1∕3; 0; 0Þ. Because of the hexagonal crystal symmetry,
CDW states in transition metal dichalcogenides typically possess
threefold degeneracy. In the related compound 2H-TaSe2, these
three CDW orientations coexist within the same spatial volume
to form a triple-Q state, as observed by neutron and X-ray diffrac-
tion (15, 29). Diffraction patterns for a triple-Q state have not
been reported to date in 2H-NbSe2 (15, 16, 29), and our own
result shows the CDW state in NbSe2 to be of the single-Q type
with a spatially separated, threefold domain structure.
The hexagonal lattice constants a and c evolve continuously
with pressure up to at least 8.6 GPa, with no sign within our mea-
surement sensitivity of a first-order structural transition across
the CDW phase boundary. We identify the critical pressure for
the CDW quantum phase transition with a discontinuity in the
slope of the c-axis lattice constant at Pc ¼ 4.6 GPa (Fig. 2B). No
discontinuity in slope occurs for the basal-plane lattice constant
a, which is well-characterized by a single-parameter Birch equa-
tion of state with modulus 82.1 0.7 GPa. The c-axis compres-
sibility βc ¼ −d lnðcÞ∕dP is reduced by a factor of two across the
quantum phase transition, going from 0.97%/GPa in the CDW
phase to 0.48%/GPa after crossing the phase boundary. This
latter value is comparable to the compressibility of the basal
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Fig. 1. Correlation lengths of both the ordered state and its fluctuations as
measured by elastic scattering. (A) Schematics of a typical peak profile across
the transition temperature Tc . The scattering profile is composed of both the
Bragg diffraction of the static order below Tc (blue), and the diffuse scatter-
ing of dynamic fluctuations at all temperatures (red). The relative intensity of
the two components varies with system and temperature, and also depends
on the choice of diffraction technique and instrument resolution settings.
Assuming a Lorentzian profile for both components, the measured FWHM
are related to correlation lengths ξ by FWHM ¼ 2∕ξ (27). (B) The correlation
length ξF of the dynamic fluctuations diverges with the same critical expo-
nent on both sides of Tc . (C) The static coherence length ξs of the ordered
state is always infinite up to Tc on the mean-field level. However, taking into
account fluctuation effects causes ξs to become finite near the thermal phase
transition. The corresponding broadening of the Bragg peak becomes mea-
surable in a high-resolution diffraction setup.
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Fig. 2. Phase diagram and crystal lattice of NbSe2 across the pressure-driven
CDW quantum phase transition. (A) P-T phase diagram of NbSe2. The CDW
transition temperature TCDW [open squares, (17); solid square, our data]
drops sharply under pressure whereas the superconducting transition TSC [cir-
cles, (17, 24)] is nearly constant. Arrows at T ¼ 3.5 and 12 K mark our experi-
mental trajectories. The CDW phase boundary inside the superconducting
phase is found to be Pc ¼ 4.6 GPa. (Inset) Micrograph shows a typical pressure
chamber assembly. In addition to the NbSe2 sample, a ruby ball and annealed
polycrystalline silver were included as manometers for use at room tempera-
ture and low temperature, respectively. (B) Lattice constants of hexagonal
2H-NbSe2 as a function of pressure at T ¼ 3.5 K, plotted against the lattice
constant of silver measured in situ (37). Lattice constants a and c are refined
from six measured diffraction orders: (1, 1, 0), (0, 1, 0), (0, 2, 0), (0, 1, 1), (0, 2,
2), and (0, 2, 1). The two vertical axes are scaled to represent the same range
of relative compression (≈7.5%) for both a and c. Above the CDW the two
compression curves run nearly parallel, suggesting a change of electronic
dimensionality from two to three. (C) Measured FWHM of longitudinal scans
of (1, 1, 0), (0, 1, 0), and (0, 1, 1) diffraction orders as a function of pressure;
the corresponding dashed lines mark the instrument resolution.
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plane, βa ¼ −d lnðaÞ∕dP ¼ 0.36%∕GPa, suggesting that the
quantum phase transition may be accompanied by an increase in
the effective dimensionality of the electronic structure. Alterna-
tively, the difference in c-axis compressibility across the CDW
phase boundary can be related to the interlayer interaction
between the CDW order parameters on adjacent planes. The
observed increase in c-axis compressibility in the ordered phase
would then be attributed to the ability of the CDWs to adjust
their phase so that positively charged peaks in one plane sit atop
negatively charged troughs in the plane below, thereby minimiz-
ing the Coulomb interaction between the two-dimensional den-
sity waves.
In addition to measuring lattice constants, high-resolution
X-ray diffraction is sensitive to minute changes in lattice symme-
try. In Fig. 2C, we plot the widths of the (0, 1, 0), (1, 1, 0), and
(0, 1, 1) diffraction peaks as a function of pressure; these three
diffraction orders carry information on the equality between the
basal plane lattice constants a and b, the angle between the a and
b axes, and whether the c axis remains orthogonal to the basal
plane. All three line widths remain close to the resolution limit
with a lattice correlation length at least 1,500 Å at all pressures,
are consistently well-modeled by the pseudo-Voigt line shape
(Fig. 3B), and, most notably, show no signs of broadening across
the CDW phase boundary. Hence the lattice remains hexagonal
at all measured pressures and does not undergo a phase transition
at the CDW quantum critical point. Additional measurements of
the (0, 2, 0), (0, 2, 1), and (0, 2, 2) diffraction peaks yield the same
result. The apparent insensitivity of the crystal lattice to the elec-
tronic phase may be attributed to weak CDW-phonon coupling in
NbSe2; the phonon dispersion spectrum measured by inelastic
scattering shows weak and extremely broad phonon softening
near both a∕3 and Q (15, 30).
We traced the evolution of the CDW from ambient pressure to
P ∼ Pc at both T ¼ 3.5 and 12 K. At base T, we could no longer
discern CDW diffraction peaks for P > 4 GPa at our sensitivity
level of 10−7 times the (1, 1, 0) lattice peak intensity. We plot in
Fig. 3 both the CDWand the corresponding lattice peaks at five
pressures approaching the quantum phase transition. The lattice
peaks remain nearly resolution limited at all P. As discussed
above, the crystal lattice is thus insensitive to the encroaching
CDW transition. However, the CDW diffraction peaks measured
from the same samples under identical conditions are substan-
tially broadened as the system is tuned toward the critical point,
corresponding to a decrease of the static coherence length ξs in
real space.
The CDWwave vector Q remains incommensurate throughout
the P-T phase diagram despite the proximity of the a∕3 com-
mensurate position (dashed line in Fig. 3A). The generic Ginz-
burg–Landau expression for the free energy of a CDW order
parameter jψjeiφ contains two competing terms that determine
the ordering wave vector. The first term is proportional to
jψj2j∇φ − qj2 and describes the energetic cost for repopulating
electrons and holes in case Q does not coincide with the optimal
Fermi surface nesting vector Q as determined by the band
structure (31). The first term is balanced by the Umklapp term
proportional to jψjn cosðnφÞ, which describes the energy gained
by having a commensurate Q ¼ a∕n (31). In many materials
the interplay between these terms leads to a discontinuous incom-
mensurate-commensurate phase transition (15, 31), which be-
comes more likely as the order parameter grows. In 2H-NbSe2,
the CDW-lattice coupling is weak and even in the low-tempera-
ture limit at ambient pressure, where the order parameter is the
strongest, the CDW avoids this so-called lock-in transition.
At P ¼ 4 GPa and T ¼ 3.5 K the static coherence length ξs
of the CDW order parameter has decreased to approximately
26 Å (Fig. 3A), equivalent to the size of eight unit cells or about
three CDW wavelengths. It is necessary to ask whether this de-
crease in coherence length could result from effects other than
the proliferation of CDW fluctuations. Quenched disorder could
in principle cut off the critical behavior. We do in fact find that
the CDW correlation length is limited by strong pinning disorder
at ambient pressure. However, as PcðT → 0Þ is approached from
below, the diffraction line shape indicates a change in the nature
of spatial fluctuations and the system effectively approaches
the clean limit. This development is illustrated in Fig. 4. The long-
itudinal CDW line shape at P ¼ 0 (Top) fits well to a Lorentzian-
squared functional form with a ðΔqÞ−4 tail, indicating that the
600 Å static coherence length ξs of the CDW is constrained
by quenched disorder and strong pinning Lee–Rice domains
(32). Under the application of pressure, the line shape (Bottom)
changes to a Lorentzian with a characteristic ðΔqÞ−2 tail; the
broad line width at P ¼ 2.08 GPa corresponds to a static coher-
ence length ξs of 110 Å. The Lorentzian line shape is not con-
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Fig. 3. Pressure evolution of the lattice and CDW diffraction line shapes.
Longitudinal scans of the CDW and lattice Bragg peaks at T ¼ 3.5 K at five
pressures approaching the quantum phase transition under identical condi-
tions. The CDW line width broadens quickly as P nears Pc , whereas the Bragg
peaks remain resolution-limited. Data are vertically displaced with each
peak height normalized to unity. Solid lines are fits to the data. The vertical
dashed line indicates the commensurate position (0, 5∕3, 0). Vertical scale
bars next to the CDW data represent intensity ratios Ið0; 2-Q; 0Þ∕Ið0; 2; 0Þ,
where Ið0; 2 −Q; 0Þ and I(0, 2, 0) are the peak intensities of the corresponding
CDW and lattice peaks at the same pressure. The (0, 2, 0) Bragg reflection is
one of the weakest in NbSe2, and is about 2,500 times less intense than
(1, 1, 0). The lattice line shape is best characterized by a pseudo-Voigt func-
tion, indicating comparable contributions from the sample lattice and the
instrument resolution. At high pressure the CDW line shape becomes
much broader than the instrument resolution (note that the two x-axis scales
differ by a factor of 7.5) and is best fit with a symmetrical Lorentzian function
on top of a linear background. We observe no evidence for asymmetry in the
CDW line shape. The Lorentzian line shape provides direct evidence of CDW
fluctuations approaching the quantum phase transition. Vertical error bars
correspond to 1σ uncertainty in the counting statistics.
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nected to strong pinning by quenched disorder, but rather arises
from spatial fluctuations with an exponential correlation length
in real space that are controlled by proximity to the critical
point (27, 32). Our counting statistics permit us to follow the dis-
tinction between Lorentzian and Lorentzian-squared forms up to
P ¼ 2.6 GPa.
We can also address the possible effects of the CDW domain
structure on the measured line shapes. As described above, the
threefold rotational symmetry in the basal plane results in three
CDW domain types. Because our measurement cannot directly
measure domain size, one must consider the possibility that the
reduced CDW coherence length at high pressure is the result of
a proliferation of domain walls. Here our detailed line shape
analysis presented in Fig. 4 also applies and could rule this pos-
sibility out. Any series of closely spaced and spatially abrupt
disruptions of the CDW wave front will produce a Lorentzian-
squared line shape. At ambient pressure we ascribed this line
shape to quenched disorder and the formation of Lee–Rice do-
mains (32). However, the same line shape would result from finite
domain size. This analysis has long been applied to determine
crystallite size in powder diffraction (33). In particular, it is well-
known that finite size broadening results in a line shape that is
indistinguishably close to Lorentzian-squared, and that can be
clearly distinguished from Lorentzian with a high-resolution mea-
surement. The line shapes presented in Fig. 4 plainly show that
the static order parameter at high pressure is not limited by finite
domain size, and instead is characterized by an exponential cor-
relation length ξs, as is expected for a stochastic limiting process
such as critical fluctuations.
Anisotropic stress in the pressure cell could influence ξs
through CDW-lattice coupling. The anisotropic strain in our
samples is evidenced by the increase in the crystal mosaic width
during pressurization (Methods). However, even at the highest
measurement pressure of 8.6 GPa the lattice Bragg peaks remain
resolution-limited longitudinally, corresponding to a lower bound
of 1,500 Å for the lattice correlation length (Fig. 2C). The differ-
ence of (at least) two orders of magnitude between the lattice
correlation length and the CDW correlation length (26 Å) estab-
lishes that the anisotropic stress in our pressure cell is not respon-
sible for the observed CDW line shapes.
Discussion
We now address the connection of the observed order parameter
fluctuations to the CDW phase diagram and the quantum phase
transition. In Fig. 5A we show data collected as a function of
pressure at both low (T ¼ 3.5 K) and intermediate (T ¼ 12 K)
temperatures. As illustrated in Fig. 3 and quantified in Fig. 5A,
the divergence of the line width with pressure dominates any
variation due to temperature; even though the curves in Fig. 5A
differ by more than a factor of three in temperature, points at
equal pressure show only minimal thermal broadening. There-
fore, the divergence as the critical point is approached cannot
be ascribed to thermal fluctuations. Taking the same data, but
plotting in Fig. 5B twice of the inverse line width (i.e., the static
coherence length ξs of the CDW) as a function of reduced tem-
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Fig. 4. Change of the CDW line shape from ambient to high pressure. Both
longitudinal scans were fit with two types of functional form, Lorentzian
(black) and Lorentzian-squared (red) plus a constant background. The data
at ambient pressure shows a second harmonic peak of the CDW at (0,
1∕3þ 2δ, 0), which was observed in 2H-TaSe2 (15), but never reported for
2H-NbSe2; this observation testifies to the high quality of the crystals used
in this study. The Lorentzian-squared line shape at ambient pressure indicates
a CDW correlation length dominated by disorder (29). By contrast, the Lor-
entzian functional form at P ¼ 2.08 GPa is typical of fluctuation broadening
and demonstrates that our crystals are in the effectively clean limit at the
approach to the quantum critical point. A linear sloped background was re-
moved from the raw scan at 2.08 GPa (Fig. 2A) to highlight the tail region.
Vertical error bars correspond to 1σ uncertainty in the counting statistics.
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Fig. 5. CDW fluctuations and the P-T phase diagram of 2H-NbSe2. (A)
FWHM of CDW longitudinal scans for both T ¼ 3.5 (blue) and 12 K (purple)
as a function of pressure. Data taken from different samples use different
symbols. Projected onto a color map of reduced pressure 1-P∕PcðTÞ in the
P-T phase diagram, these two trajectories (arrows) at different T clearly ex-
perience a similar variation in reduced pressure. (B) The static coherence
length ξs of the CDW as a function of reduced temperature, 1-T∕TcðPÞ; data
were recorded as a function of pressure at T ¼ 3.5 K (blue) and T ¼ 12 K
(purple), and as a function of temperature at P ¼ 0 (red). Arrows point in
the directions of increasing T and P. Projecting onto a color map of
1-T∕TcðPÞ in the P-T phase diagram makes clear that the T ¼ 12 K trajectory
experiences a much wider variation in reduced temperature than does the
T ¼ 3.5 K trajectory. Solid lines are guides to the eye.
Feng et al. PNAS ∣ May 8, 2012 ∣ vol. 109 ∣ no. 19 ∣ 7227
PH
YS
IC
S
perature, the same conclusion is obtained. Even though the
measurements made at T ¼ 3.5 K clearly are much farther from
the thermal phase transition than the measurements made at
T ¼ 12 K, their coherence length at any given reduced tempera-
ture is much shorter. The fluctuations evidenced by the CDW line
width cannot be caused by thermal fluctuations, and are instead
controlled by proximity to the quantum critical point.
For any finite temperature, measurements sufficiently close to
the phase boundary will show the effects of thermal fluctuations.
In Fig. 5B we also show the evolution of the CDW coherence
length as a function of temperature at ambient pressure. In this
case the coherence length is limited by strong pinning for reduced
temperatures t ¼ 1 − T∕Tc > 0.2. Closer to the phase boundary
(for t < 0.2, or T > 27 K) thermal fluctuations control the coher-
ence length and the line shape approaches a Lorentzian. In this
context we note that our measurements at T ¼ 3.5 K all corre-
spond to t > 0.6 (Fig. 5B), thus reinforcing the conclusion that the
thermal critical regime does not affect the line widths measured
at high pressure and low temperature.
The onset of line width broadening at P ∼ 2 GPa ∼ 0.4Pc sug-
gests a broad regime of quantum fluctuations, reminiscent of the
fluctuating quantum ground states observed near magnetic quan-
tum critical points in other itinerant electron systems (6, 7). These
fluctuations are likely connected to the electronic structure of
NbSe2 (18–21). The small patches of Fermi surface that support
the CDWare not well-nested (21), and density functional theory
predicts that the noninteracting susceptibility is characterized by
a broad plateau rather than a narrow maximum at the observed Q
(20). Therefore the CDW spectrummay be generically soft, and it
is reasonable to expect a wide regime of CDW fluctuations even
far from the critical point. It is difficult experimentally to identify
a boundary between an imperfectly nested ground state and the
onset of quantum criticality. However, we point out that at the
highest measured pressure of 4.0 GPa the CDW diffraction line
corresponds to a broadening of about 3.6% in reciprocal space
around the nesting vector Q, as determined by comparing the
FWHM of the critical CDW line to the magnitude of the recipro-
cal lattice vector a (Fig. 3B). This large value of broadening is
unlikely to be attributed to the imperfect nesting in the noncri-
tical electronic spectrum of NbSe2 (18–21), and is suggestive of
the sizable critical fluctuations that are expected on the approach
to the quantum critical point. Critical fluctuations over nearly all
of the reciprocal space were observed in the quantum critical hea-
vy fermion metal CeCu6−xAux (34), and were attributed in that
case to local quantum criticality (35). However, such a scenario is
not expected to be applicable for NbSe2 because it falls into the
weak-coupling regime.
Strong fluctuations at the two-dimensional CDW quantum
phase transition are a long-standing theoretical prediction (8, 9)
that we support here experimentally. However, a full theory of
two-dimensional coupled systems of electrons and damped col-
lective modes at the CDW quantum phase transition remains
to be formulated. The existing theory predicts an intermediate
scaling regime of critical CDW fluctuations on the disordered
side of the phase boundary (8), and the fluctuations that we
observe for 2 < P < 4 GPa suggest a similar scaling regime on
the ordered side. For a generic incommensurate CDW, the scaling
regime surrounding the quantum phase transition is predicted
to be cut off by a discontinuous phase transition (8). However,
because the associated energy scale is proportional to the size
of the incommensurability (8), the nonscaling regime may be ex-
pected to be very small in the case of NbSe2. Our measured line
widths should also help to constrain theories of collective mode
softening on the ordered side of the quantum critical point.
Here we have shown that there exists a broad regime on the
ordered side of the P-T phase diagram of the two-dimensional
CDW system 2H-NbSe2 in which fluctuations at low tempera-
tures limit the static coherence length of the CDW order para-
meter. These fluctuations are controlled by proximity to the
quantum critical point, and are not thermal critical fluctuations
due to the finite measurement temperature. Our data represent
a rare direct observation of spatial fluctuations near a buried
quantum critical point, as opposed to local or averaged probes
in frequency. As the critical point is approached, the inverse
static coherence length of the CDW diverges and the observed
fluctuations become critical modes. Ongoing experimental efforts
will help to resolve the universal character of this quantum critical
point. Measurements of the diffuse elastic line width in the
disordered phase could determine the critical exponent υ that
controls the correlation length of fluctuations through ξF ∼
ðP − PcÞ−υ (36). These measurements will depend on greatly im-
proved counting statistics to allow high-fidelity measurements of
the diffuse elastic line shape on both sides of the phase boundary.
Methods
Each 50-μm thick NbSe2 sample was blade-diced and loaded in the diamond
anvil cell (DAC) in a methanol∶ethanol (4∶1 ratio) pressure medium with the
basal plane parallel to the diamond culet. The crystal mosaic was 0.4° FWHM
at ambient pressure and increased continuously to 2° FWHMat high pressure.
A helium-controlled membrane was used to tune the pressure in the DAC
(37). The base temperature of 3.5 0.2 K was achieved using a Gifford–
McMahon cryocooler (Sumitomo RDK-205E) mounted on the sample stage
of the X-ray diffractometor.
The pressure environment in this type of assembly has been studied ex-
tensively (37, 38). The pressure anisotropy is estimated to be 0.01–0.02 GPa,
whereas the pressure inhomogeneity is apparently random across the pres-
sure chamber and depends on the sample size (37). From ref. 37 we estimate
it is around 0.02 GPa for our NbSe2 samples (Fig. 2, Inset) at Pc ¼ 4.6 GPa.
Experiments were performed at X-ray beamline 4-ID-D of the Advanced
Photon Source, Argonne National Laboratory. Diffraction was in the vertical
plane and in the transmission geometry to the a-b plane of NbSe2. A double-
bounce Si (1, 1, 1) monochromator selected 18.85-keV X-rays, chosen below
the Nb K-edge to avoid this fluorescence excitation. The Se K-shell fluores-
cence was strongly absorbed by the diamond anvils, and also discriminated
against by the acceptance window setting of the NaI scintillation detector.
Two Pd-coated Kirkpatrick–Baezmirrors focused the X-ray beam and rejected
higher harmonics. The crystal mosaic of our samples was larger than both the
instrument resolution and the intrinsic transverse CDW widths (16, 28). Thus
our measured longitudinal CDW line shapes include an effective integration
of the peak profile along both transverse directions. In spite of this complica-
tion, longitudinal scans of peaks such as (0, 2-Q, 0), (0, 1, 0), and (0, 2, 0) that
are aligned along a single reciprocal lattice vector ensured a high precision
measurement of the CDW wave vector Q. Given the sample mosaic under
pressure, we were unable to measure CDW correlation lengths in both trans-
verse directions, which are known at ambient P (16).
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